P ediatric low-grade gliomas (PLGGs) represent the most common group of tumors involving the central nervous system in children. 1 Although they are characterized by slow growth and a low frequency of malignant progression, morbidity may be considerable, particularly when located in anatomic regions not amenable to surgical resection. Traditional therapies, such as irradiation and conventional chemotherapy, are not curative and often fail in preventing clinical progression.
The most common low-grade glioma in children is pilocytic astrocytoma (PA), a World Health Organization grade I tumor with low proliferative potential. Until recently, little was known about the biology of PLGG. In PA arising in patients with neurofibromatosis type 1 (NF1), there is inactivation of both NF1 gene copies, 2 leading to hyperactive Ras and downstream mitogen-activated protein kinase (MAPK) pathway activation. More recently, independent high resolution genomic studies have identified a tandem duplication of BRAF at 7q34 in the majority (53% -72%) of PAs leading to an oncogenic fusion gene. 3 -6 In a smaller proportion of cases, BRAF activating point mutations and rearrangements of other BRAF family members (eg, RAF1) may also be encountered. 7 These alterations seem to vary by anatomic site, with the highest frequency of BRAF duplications occurring in PA of the cerebellum. 8 However, a recent study using archival material from tumors of the optic nerve proper showed that the majority of tumors (73%) also had duplications of the BRAF kinase domain, with the remainder being associated with NF1. 9 These genetic aberrations share an increased MAPK/extracellular signal-regulated kinase pathway activation, which is active in the majority of PAs. More recent whole genome sequencing efforts of PLGG and PA have found that these neoplasms are characterized in many cases by single somatic mutations, with pediatric diffuse low-grade gliomas containing alterations in FGFR1, MYB, or MYBL1.
10,11
The phosphatidylinositol-3 kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway is active in a variety of cancers, and effective pharmacologic inhibitors such as rapamycin and analogs (rapalogs) are widely available. The importance of the PI3K/Akt/mTOR signaling axis has been highlighted in diffuse and highgrade gliomas. 12 One of the key downstream mediators of PI3K/Akt activation is mTOR, which exists in 2 complexes: mTORC1 and mTORC2, which possess distinct regulatory inputs and outputs within the signaling network ( Fig. 1 ). In the mTORC1 complex, mTOR interacts with proline rich Akt substrate, 40 kDa; regulatory associated protein of mTOR, complex 1 (RAPTOR); and mammalian lethal with SEC13 protein 8 (mLST8)/ G protein beta subunit-like (GBL), and upon activation increases protein translation, cell growth, and survival. The function of the mTORC2 complex (mTOR, rapamycin-insensitive companion of mTOR [RICTOR], mSin1, Protor [protein observed with Rictor], and mLST8) is less well known, but it appears to regulate metabolism and survival through activation of Akt, as well as mTORC1, through protein kinase C, and also plays a role in cytoskeletal organization. 13 Of interest, recent studies have highlighted a role for mTOR activation in NF1-associated PA and murine models of NF1 -optic nerve glioma.
14 Recent data also suggest that it may mediate phenotypic variations in NF1-associated low-grade gliomas, 15 with its activation more frequent in the rare PA with anaplastic features. 16 Furthermore, recent evidence suggests that mTOR also mediates the proliferative activity of cerebellar murine stem cells expressing BRAF fusions. 17 Of therapeutic relevance, mTOR inhibition has proven to be of great clinical benefit and is well tolerated in pediatric patients with subependymal giant cell astrocytoma, another subtype of PLGG. 18 A possible role for mTOR signaling in the biology of the most common PLGG, that is, sporadic PA, is of interest, given the abundance of pharmacologic data with mTOR inhibitors in a variety of tumor types. Therefore, we decided to investigate the effects of MK8669 (ridaforolimus) in PLGG-derived cell lines. Fig. 1 . mTOR pathway signaling cascade. The mTOR pathway exists as part of either of 2 multiprotein complexes (mTORC1 and mTORC2), which are integral components of a signaling cascade that leads to increased cell growth and survival.
Materials and Methods

Patients and Tumor Samples
A total of 63 PLGGs of various histologies were retrospectively studied using whole tissue sections of a representative block (age range, 22 mo -19 y; median, 8 y). An additional 133 PAs were studied using 2 separate tissue microarrays containing 2-4 cores per tumor constructed at the Johns Hopkins Hospital or the former Armed Forces Institute of Pathology as previously reported. 9 Patients' age ranged from 3 months to 66 years (median, 8 y), with 59 females and 74 males. A total of 10 cases (9%) were NF1 associated. A total of 83 cases arose in the optic pathways, with 58 developing in the optic nerve proper; 88 were located in non -optic pathway locations, predominantly in the infratentorial compartment. In the sporadic group with detailed location data, excluding pleomorphic xanthoastrocytomas (PXAs) and oligodendrogliomas, 58 were midline tumors (chiasm, hypothalamus, thalamus, brainstem) and 82 were cerebellar/hemispheric. All studies were performed under appropriate institutional review board approval of all institutions involved.
Immunohistochemistry
Immunohistochemical studies were performed in formalin-fixed/paraffin-embedded tissue microarrays. Primary antibodies included phospho-S6 (Ser235/236) (1:50, rabbit monoclonal; clone 91B2, Cell Signaling), mTOR (total) (1:50, rabbit monoclonal; clone 7C10, Cell Signaling), phospho-4EBP1 (Thr37/46) (1:100, rabbit monoclonal; clone 236B4, Cell Signaling), phospho-ElF4G (Ser1108) (1:400, rabbit polyclonal; Cell Signaling), RAPTOR (total) (1:95, rabbit monoclonal; clone EP539Y, Abcam), RICTOR (total) (1:950, mouse monoclonal; clone 7B3, Abcam), phospho-Akt (Ser473) (1:50, rabbit polyclonal, Cell Signaling), and phosphatase and tensin homolog (PTEN; total) (1:50, rabbit monoclonal; clone D4.3, Cell Signaling). Omission of the secondary antibody was used as the negative control. Scoring of pS6 staining on whole tissue sections was performed by 2 independent observers (D.Z. BRAF-KIAA1549 and BRAF (V600E) BRAF-KIAA1549 fusion and BRAF (V600E) point mutation data were available for a subset of cases as part of a previously published study. 19 In brief, screening for BRAF-KIAA1549 variants was performed by polymerase chain reaction (PCR). Primer sequences were as follows: ′ (reverse), followed by Sanger sequencing.
Cell Culture and Drug Treatment
The cell lines used in this study were Res186 and Res259, kindly provided by Dr Chris Jones (Institute of Cancer Research, Sutton, UK). 20 All cell lines were grown in monolayers in Dulbecco's modified Eagle's medium/ F12 Ham's medium containing 10% fetal bovine serum and 1% penicillin-streptomycin in a humidified 378C incubator with 5% CO 2 . All cells were verified to be Mycoplasma free by PCR testing. MK8669 (ridaforolimus) was kindly provided by Merck. MK8669 was dissolved in dimethyl sulfoxide (DMSO), and 10-mM stocks were stored at 2808C. To decrease the influence of serum on mTOR pathway activation, cells were treated with MK8669 or DMSO control in medium containing 2% fetal bovine serum.
MTS Assay of Cell Growth
Cell growth was examined by assay by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) using the cell titer 96 Aqueous One solution cell proliferation assay kit (Promega). Twenty microliters of the MTS reagent was added per 100 mL medium in 96-well plates and incubated for 1 h at 378C in 5% CO 2 . Cells were trypsinized, and viable cells were manually counted for plating. Fifteen hundred cells per well were plated in triplicates for reading days 0, 2, 4, and 6 for each condition: DMSO (vehicle), 1 nm MK8669, and 10 nM MK8669. The 490-nm absorbance values were measured using the Epoch Micro-Volume Spectrophotometer Plate Reader System (Biotek) and were directly proportional to the number of viable cells in culture.
Bromodeoxyuridine Incorporation Assay
During the last 6 h of a 48-h incubation, cells were pulsed with 100 mM 5-bromo-2 ′ -deoxyuridine (BrdU; SigmaAldrich). Cells were taken out of BrdU-containing medium, made single cells, washed with phosphate buffered saline (PBS), and fixed with methanol at 48C overnight. Cells were cytospun into Plus slides (Fisher) and processed for BrdU detection. 21 Cells were fixed with 4% paraformaldehyde, washed with PBS containing 0.1% Tween 20 (PBST), permeabilized with 0.1% Triton X-100 in PBST, and washed with PBST. DNA was denatured by incubating with 2N HCl at 378C, washed again with PBST, and blocked with 5% normal goat serum (NGS) in PBST. Slides were incubated with anti-BrdU primary antibody for 1 h at 378C at a 1:500 dilution in 5% NGS PBST, washed 3 times with 1X PBST, and incubated with Cy-3 anti-mouse secondary at a 1:500 concentration in 5% NGS PBST for 45 min at 378C. Cells were finally counterstained with 4 ′ ,6 ′ -diamidino-2-phenylindole and coverslipped with antifade mounting media (Vectashield). Results were analyzed in Adobe Photoshop, where BrdU-positive cells were counted using the count tool.
Western Blotting
Cells at 90% confluence were scraped, pelleted, washed with ice-cold PBS, and pelleted at 48C. Pellets were lysed with chilled radioimmunoprecipitation assay 2 buffer (20 mM Tris, pH 7.4; 10% glycerol; 137 mM NaCl; 0.1% sodium dodecyl sulfate; 1% Triton X-100; 2 mM EDTA; 0.5% sodium deoxycholate) supplemented with 10 mM sodium fluoride, 1 mM sodium vanadate (Cell Signaling Technology), Roche protease inhibitor cocktail, and phenylmethylsulfonyl fluoride (Sigma-Aldrich). Fifty micrograms of lysate for each sample per lane was run in precast NuPAGE Novex polyacrylamide gel 4% -12% Bis-Tris Gels (1.0-mm thick, 10-well) in 1X Tris-glycine. Lysates were transferred onto a nitrocellulose membrane (Bio-Rad), blocked in PBS containing 5% bovine serum albumin or nonfat dry milk powder, and incubated overnight with antibodies per manufacturer's directions. Blots were then washed several times with PBS containing 0.1% Tween 20 and incubated in peroxidase-conjugated immunoglobulin G diluted 1:5000 in blocking solution. After washing several times in PBS with 0.1% Tween 20, blots were developed with enhanced Western Lightning electrochemiluminescence reagent (Perkin Elmer) and exposed to film. Primary antibodies included phospho-S6 (Ser235/236) (1:1000, rabbit monoclonal; Cell Signaling), phospho-Akt (Ser473) (1:1000, rabbit monoclonal; Cell Signaling), Akt (pan) (1:1000, rabbit monoclonal; C7E7, Cell Signaling), S6 ribosomal protein (1:1000, mouse monoclonal; 54D2, Cell Signaling), anti -glyceraldehyde-3-phosphate dehydrogenase (1:500 000; clone 6C5, Research Diagnostics), and b-actin (1:500; C4, Santa Cruz Biotechnology). Omission of the secondary antibody was used as the negative control.
Statistical Analyses
For immunohistochemical and survival analyses, variables were described using proportions, ranges, and medians as appropriate. Fisher's exact tests were used to compare proportions, and Student's t-test or Wilcoxon rank sum was used to compare continuous variables between groups of interest. Survival rates were described using Kaplan-Meier curves and analyzed with the log-rank test. The time to event was defined as time from surgery to death/tumor progression (or last follow-up if censored). Statistical analyses were performed using JMP v10 software (SAS Institute). Analyses were 2-sided with P , .05 considered statistically significant. For in vitro assays, statistical significance was determined by using GraphPad Prism Software (**P , .01, ***P , .001). Multiple comparisons were performed by ANOVA with Tukey correction. Error bars represent the standard deviation for all plots. Table 1 and illustrated in Fig. 2 . To further confirm the activation of mTORC1 in PA, we analyzed protein lysates from frozen primary tumors. Increased pS6 levels were identified by Western blot in 4 primary pediatric PAs compared with nonneoplastic pediatric brain ( Supplementary  Fig. S1 ).
Results
Activation
Immunoreactivity for mTORC1/mTORC2 Pathway Components Is Frequent in PA
Because PA is the most frequent PLGG, we systematically studied PAs in tissue microarrays representing different anatomic sites, including optic pathways (n ¼ 83) and infratentorial/supratentorial compartments (n ¼ 58), for mTOR signaling components. Moderate (2+) to strong (3+) immunostaining was observed for mTORC1 components pS6 in 67/113 (59%), p4EBP1 in 35/115 (30%), pElF4G in 66/112 (59%), mTOR (total) in 53/113 (47%), and RAPTOR (total) in 64/ 102 (63%). The majority of tumors with p4EBP1 immunoreactivity had pS6 reactivity as well (94%). Activation of mTORC2 component pAkt (S473) was present in 63/ 103 (61%), and RICTOR (total) was detected in 48/101 (48%). Almost all (98%) tumors with pAkt immunoreactivity were also pS6 positive, while 12% of pS6-positive tumors were completely pAkt negative. Conversely, there was no difference in mTORC1/mTORC2 component immunoreactivity when comparing sporadic midline (n ¼ 58) with sporadic cerebellar/hemispheric tumors (n ¼ 82; P . .05). In summary, combined mTORC1 and mTORC2 activation of any degree was present in 81% of tumors based on pS6 and pAkt immunoreactivity, and this was significant (moderate to strong) in 46%. Conversely, complete PTEN protein loss was identified in only 7/101 (7%).
Immunoreactivity for mTOR Pathway Components Is Stronger in Optic Pathway and NF1-Associated PA Next we looked for differences in immunoreactivity of mTOR components by anatomic site and NF1 association, factors previously associated with distinct gene expression patterns and tumor biology. 22 There was increased immunoreactivity in PAs of the optic pathways compared with other anatomic sites for mTORC1 components pS6 (P ¼ .02), pElF4G (P ¼ .0003), mTOR (total) (P ¼ .02), and mTORC2 components RICTOR (P ¼ .0001) and pAkt (S473) (P ¼ .02, Wilcoxon rank sum; Fig. 3 ). Conversely, there was no difference by site for p4EBP1 (P ¼ .28), RAPTOR (P ¼ .15), or PTEN (P ¼ .68) immunoreactivity. NF1-associated tumors demonstrated increased pS6 (P ¼ .01), p4EBP1 (P ¼ .029), and RICTOR (P ¼ .05) compared with non-NF1 tumors. There was a trend toward increased pAkt (S473) (P ¼ .07) in these syndromic cases, but no difference for pElF4G, mTOR, RAPTOR, or PTEN immunoreactivity (P . .05).
Components and Outcome of mTOR Pathway
There was improved recurrence-free survival in patients with infratentorial PAs, predominantly cerebellar, compared with optic pathway and supratentorial tumors (P ¼ .03), as well as those who underwent gross total resection (P , .001). Most tumors that underwent gross total resection were located in the posterior fossa (cerebellum/4th ventricle; 26/32 [81%]) or were hemispheric (4/ 32 [13%]). There was no association between strong immunoreactivity for mTOR pathway components and recurrence-free survival.
MK8669 Inhibits the PI3K/Akt/mTORC1 Pathway
We measured mTOR pathway activation via Western blot in 2 previously described PLGG cell lines (Res186 and Res259). 20 Both of these lines have active mTORC1/ mTORC2 in vitro as measured by phosphorylated ribosomal protein S6 at serine 235/236 and phosphorylated Akt at serine 473, respectively (Fig. 4) . To assess whether mTORC1 could be inhibited in these cells, we chose 2 different concentrations of the rapalog MK8669 (ridaforolimus). MK8669 is an allosteric mTORC1 inhibitor that prevents the phosphorylation of ribosomal protein S6, and we observed a dose-dependent decrease in the phosphorylation of S6 with treatment of MK8669 in Res186 and Res259, with a concomitant increase in mTORC2 activation, as measured by phosphorylated Akt473 (Fig. 4A and B) .
MK8669 Suppresses Growth of Low-Grade Astrocytoma Cell Lines
To determine the potential clinical effects of mTORC1 blockade, we examined how MK8669 modulated growth of PLGG cells in culture. An MTS assay showed that treatment of Res186 with 1 nM or 10 nM MK8669 led to significant reductions (63% or 73%, respectively) in cell growth over 6 days (P , .0001, ANOVA; Fig. 5A and B). Res259 showed more modest but still significant decreases in growth after 4 days of treatment with 1 nM MK8669 (13%, P , .05, ANOVA)) or 10 nM MK8669, respectively (21%, P , .0001, ANOVA) compared with vehicle ( Fig. 5C and D) .
Treatment With MK8669 Decreases S-phase Entry
BrdU incorporation assays revealed that treating Res186 cells with MK8669 reduces the number of BrdU-positive cells by 66% at the lowest drug concentration of 1 nM MK8669 compared with control (P ¼ .0046, ANOVA; Fig. 5E ). A trend toward decrease without significance in BrdU positivity was observed in the Res259 cell line when treated with MK8669 (P ¼ .10, ANOVA; Fig. 5F ). These results suggest that MK8669 decreases cell growth and proliferation in Res186 cells by preventing S-phase entry.
Discussion
In this study, we explored a possible role for the mTOR pathway in PLGG biology and its feasibility as a therapeutic target in vitro. Several prior lines of work suggest that mTOR activation may be relevant to PLGG biology. First, neurofibromin loss, a hallmark of NF1-associated PA, leads to astrocyte hyperproliferation, a phenomenon that appears to be related to mTOR activation. 14 In addition, a subset of NF1-associated low-grade gliomas demonstrate increased cell size and macronucleoli, as well as increased immunostaining for markers of mTOR pathway activity. 15 Interestingly, mTOR activation resulting from neurofibromin loss may depend on anatomic location and be secondary to mTORC2 activation. 23 Our study demonstrates increased mTORC2 components pAkt (S473) and total RICTOR levels in NF1-associated low-grade gliomas or PAs of the optic pathways compared with other tumor types. These effects do not appear to be mediated by PTEN loss, and this is further supported by our current study, which showed preserved PTEN immunoreactivity in all NF1-associated low-grade gliomas tested. Subependymal giant cell astrocytoma represents another low-grade, predominantly pediatric, astrocytoma that almost always occurs in the setting of tuberous sclerosis complex, which can serve as a model for this type of targeted therapy given the recent clinical success of mTOR inhibitors. 24 In these tumors, mTOR pathway activation is a direct consequence of loss-of-function mutations of the TSC1 or 2 tumor suppressor genes, which leads to mTOR activation mediated by Ras homolog enriched in brain (RHEB). 13 We were intrigued that mTOR pathway activation was a feature of the majority of PLGGs in our study, including most grade II tumors, with the exception of pediatric oligodendrogliomas. This finding supports a more dominant role for mTOR pathway signaling in PLGG with astrocytic or neuronal differentiation, compared with the relatively rare pediatric oligodendrogliomas.
A role for mTOR signaling in the biology of PLGG was also highlighted by recent whole genome/exome sequencing efforts. In a recent whole genome sequencing study, FGFR1 alterations were relatively frequent in nonpilocytic PLGGs. 11 In that study, introduction of FGFR1 into MCF7 breast cancer cells led to PI3K activation, an effect that was suppressed by an mTOR inhibitor. In a separate study, exome sequencing demonstrated mutations in 4/12 (33%) PXAs affecting genes associated with mTOR pathway activation, including NF1, TSC2, and PIK3R1. 25 Interestingly, these mutations were not found in tumors with the more frequent BRAF (V600E) alteration typical of PXA. 26 Since pS6 immunoreactivity was frequent in these tumors in our current study, it is possible that BRAF mutations may affect mTOR signaling. For example, we found immunoreactivity for pS6 of any extent in 7/8 PXAs, which was moderate or strong in 5. In addition, we found pS6 immunoreactivity in all 4 tumors with BRAF (V600E) tested, which was moderate or strong in 3.
Of greater interest for therapeutic targeting is whether the mTOR pathway is active in sporadic PA, the largest category of PLGG in children. The genetic hallmark of sporadic PA is a somatic BRAF-KIAA1549 fusion. Although there is experience with BRAF inhibitors as a therapeutic strategy for non-CNS tumors, particularly metastatic melanoma, several important caveats have emerged recently. In particular, most available BRAF inhibitors are effective against BRAF (V600E) mutant tumors but may cause a paradoxical increase in signaling activity and growth in cells containing BRAF fusions. 27 This further reinforces prior observations that various genetic alterations associated with increased MAPK pathway activity result in different biologic properties. In our study, we found a nonsignificant trend for lower pS6 immunostaining in tumors containing BRAF-KIAA1549 compared with tumors lacking it. However, most sporadic PAs tested demonstrated increased pS6 immunostaining, supporting the notion that the mTOR pathway is broadly active in these tumors as well.
Interestingly, recent data by Kaul et al 17 demonstrate that BRAF-KIAA1549 does indeed lead to neural stem cell proliferation and glioma-like lesions in mice. In their model, this effect appeared to be mediated by RHEB activation resulting from inhibition of TSC1/ TSC2 protein complex. These and our results are in keeping with the study published by Mueller et al, 28 who demonstrated mTOR pathway activation in both pediatric high-grade and low-grade gliomas. In contrast to our series, that study was limited to 25 grade I and 7 grade II PLGGs and in regard to specific mTOR readout was limited to pS6 and p4EBP1. Mueller et al also found PTEN promoter methylation in most PLGGs and in half of grade I tumors, supporting a possible role for epigenetic regulation of mTOR pathway activity in a subset of sporadic PAs as well. Furthermore, a recent microRNA profiling study showed differential overexpression of miR-21 and miR-23a in PA compared with nonneoplastic brain. 29 These microRNAs may facilitate tumorigenesis in part by targeting PTEN. 30, 31 All these findings support a role for mTOR signaling in the biology of sporadic PA.
One of the main limitations of studying PLGG biology is the relative paucity of in vitro and in vivo models compared with high-grade gliomas. Although BRAF activation is relevant to low-grade gliomagenesis in vivo, 32 an important limiting factor is the phenomenon of oncogene-induced senescence, a known effect of introducing activated BRAF. 21, 33 Given the relative lack of PLGG cell lines, we chose lines Res186 and Res259 for our experiments, obtained from pediatric PA and diffuse (grade II) astrocytoma, respectively. 20 Although these lines contain genetic alterations that are relatively rare in PLGG (homozygous PTEN deletion in Res186, and PDGFRA gain and CDKN2A deletion in Res259), they proliferate well in culture, which facilitates functional experiments. Both of these cell lines show increased activation of MEK/extracellular signal-regulated kinase, which is a hallmark of PLGG. 20, 34 We found that growth of Res186 and Res259 was suppressed by the mTORC1 inhibitor MK8669. Increased Akt activation, as demonstrated by pAkt (Ser473), was observed after mTORC1 inhibition, consistent with prior observations of increased mTORC2 activation after mTORC1 inhibition through loss of a negative inhibitory signaling loop.
13 Res186 (PA-derived) showed greater growth suppression than Res259 upon mTORC1 inhibition; in addition to growth suppression, Res186 cells had decreased S-phase entry after MK8669, as determined by BrdU incorporation. Susceptibility to mTOR inhibition in Res186 cells could potentially be attributed to a reliance on the PI3K/Akt/mTOR pathway, due to its PTEN deletion, which constitutively activates Akt. 20 Conversely, resistance to mTOR inhibition in Res259 could be due to its higher grade and therefore more complex genome, whose alterations may aid in bypassing inhibition of this particular pathway. Furthermore, this raises the possibility that different PLGG subsets demonstrate differential susceptibility to pharmacologic mTOR inhibition.
Of relevance to the cell lines we selected, we have previously shown that PTEN and CDKN2A deletions, as well as increased Akt/mTOR pathway activation, are found to an increased frequency in PA with aggressive histologic features. 16 Other groups have confirmed the association of CDKN2A loss with worse prognosis in PLGG. 35 This suggests that several genetic alterations are required for low-grade gliomas to bypass senescence and grow successfully in vitro.
In summary, our study demonstrates activation of both mTORC1 and mTORC2 signaling in the majority of PLGGs while highlighting heterogeneity amongst entities, anatomic locations, and NF1 status in regard to activation of mTORC1 and/or mTORC2. This heterogeneity suggests that PLGGs may not respond equally to rapalogs targeting mTORC1, such as everolimus, which is currently in clinical trials for PLGGs in children and adults (clinical trials.gov identifiers NCT01158651, NCT00782626, NCT00823459, and NCT00831324). Pending on the results of these trials, our in vitro data support the notion that inhibition of mTORC1 could be an effective therapeutic strategy for low-grade glioma. Given the large sample size and comprehensive analysis of both mTORC1 and mTORC2 pathway signaling components, our study results should aid in the design of candidate biomarker studies 36 on formalin-fixed/ paraffin-embedded PLGG tissue in conjunction with future clinical trials with agents targeting specific components of the mTORC pathway.
Supplementary Material
Supplementary material is available online at NeuroOncology (http://neuro-oncology.oxfordjournals.org/).
Funding
Funding was provided by the Childhood Brain Tumor Foundation (to F.J.R.), the PLGA Foundation (to C.G.E.), the Pilocytic/Pilomyxoid Fund (to C.G.E., F.J.R.), the Knights Templar Eye Foundation (to E.H.R.), and Ian's Friend Foundation (to M.A.K.). E.H.R. is a St. Baldrick's Scholar.
